T cells use integrins for adhesion to endothelial cells and extravasation. Thus, their blocking with Abs prevents T cell extravasation and ameliorates autoimmune diseases, such as multiple sclerosis (MS). Given the side effects of these Abs, we explored the integrin activator Kindlin3 as potential therapeutic target. Mice lacking Kindlin3 in T cells were immunized with an autoantigen to induce experimental autoimmune encephalitis (EAE), a model of MS. Although these mice developed EAE, adoptively transferred autoreactive T cells from Kindlin3-deficient mice to healthy recipients failed to induce EAE. We found that autoreactive Kindlin3-null T cells extravasate only when the brain microvasculature expresses high integrin ligand levels. Thus, blockage of Kindlin3 is not a viable alternative approach to treating MS.
Kindlin3 Is Not Required to Induce Active EAE.
Go to:
In experimental autoimmune encephalitis (EAE), autoreactive CD4 Th cells, which recognize components of the myelin sheath of nerve fibers, extravasate into the CNS and induce breakdown of the blood-brain barrier and severe inflammation, leading to the destruction of brain tissue (1) . Integrins play pivotal roles during this process. P selectin-mediated rolling and α4β1 (VLA4)VCAM1 (vascular cell adhesion molecule1)-mediated capture of encephalitogenic T cells on the brain endothelium is followed by αLβ2 (LFA1)ICAM1/2 (intercellular adhesion molecule1/2)-mediated Tcell polarization, crawling, and diapedesis (2) . Once the T cells have passed the circulation, they become reprimed by antigenpresenting cells, which expose selfantigens of the myelin to further stimulate Tcell proliferation (3) .
A hallmark of integrins is their ability to shift from an inactive to an active state (i.e. insideout signalling), which is associated with an allosteric change of the integrin ectodomain and transmembrane domains and results in adhesion, sensing of substrate stiffness, and signal transduction (i.e. outsidein signalling) (4, 5) . The allosteric modulation of the affinity state of integrins is regulated by talin and kindlin binding to the cytoplasmic domain of the β subunit (6) and is of particular importance for circulating platelets and leukocytes, which require fast attachment to blood vessel walls to seal leaks or react to inflammation. In addition to chemical allostery, integrin affinity also can be regulated by increasing the lifetime of integrin-ligand bonds, which can be achieved by integrin clustering, also known as avidity modulation (7, 8) , and/or by application of tension (by, e.g., myosin II motors) to the adhesive bonds, resulting in the formation of catch bonds (9, 10) . Whether kindlins are involved in bond lifetime regulation is not known.
Kindlins are evolutionary conserved and consist of three members (11) . Hematopoietic cells express Kindlin3 (11), the deletion of which in mice abrogates integrin activation, resulting in hemorrhages, leukocyte adhesion defects, and osteopetrosis (12) (13) (14) . A human disease with similar abnormalities, leukocyte adhesion deficiency type III (LADIII), is also caused by null mutations of the Kindlin3 (FERMT3) gene (15) (16) (17) . The severe LADIII defects lead to perinatal lethality, hindering the analysis of Kindlin3 in specific blood cell lineages. We used conditional gene targeting to circumvent the problem of lethality and investigated the role of Kindlin3 in effector T cells using EAE as model for Tcell-induced inflammation (18, 19) . We report that autoreactive T cells lacking Kindlin3 cannot extravasate and induce EAE when transferred into healthy mice. Interestingly, however, a high density of integrin ligands on inflamed vascular endothelial cells is sufficient to enable autoreactive Tcell extravasation and disease induction, and also to induce α4β1 and αLβ2mediated effector Tcell adhesion and αLβ2mediated crawling even under physiological shear conditions. These findings indicate that increased ligand concentrations can partially substitute Kindlin3-mediated insideout signaling, and that Kindlin3 regulates both the activation of β1 and β2 integrins and the stabilization of integrin-ligand bonds.
RESULTS
To analyze the role of Kindlin3 in T cells, we backcrossed mice carrying a floxed Kindlin3 gene 11 times with C57BL/6 mice (Kindlin3 , referred to as controls) and subsequently deleted the Kindlin3 gene with C57BL/6 mice carrying the CD4Cre transgene (20) . Western blot analysis demonstrated that CD4 and CD8 T cells isolated from the spleen of conditional Kindlin 3 /CD4Cre (hereinafter, K3/Cre) mice lack Kindlin3 expression (Fig. S1A ). Kindlin3 loss still allows the production of normal numbers of CD4 and CD8 T cells in the thymus, peripheral blood, and spleen of K3/Cre mice, suggesting that homeostatic Tcell proliferation, differentiation, and distribution in peripheral hematopoietic organs occur independent of Kindlin3 ( Fig. S1 B-D) .
We next investigated whether effector T cells require Kindlin3 for extravasation and induction of an inflammatory disease. To this end, we immunized mice with the encephalitogenic MOG peptide to induce active EAE (aEAE) (19) . K3/Cre mice and control littermates exhibited a similar EAE onset (Fig. 1A) with such clinical symptoms as weight loss (Fig. 1B) and paralysis (Fig. 1C) . Immunostaining of the lumbar region of spinal cords revealed that diseased K3/Cre and control animals contained similar numbers of CD45 inflammatory cells and CD45 microglial cells, Mac1-positive monocytes/macrophages, and Gr1expressing granulocytes and macrophages. Furthermore, the subarachnoidal space and the spinal cord parenchyma of K3/Cre and control mice contained a comparable infiltrate of autoreactive CD4 T cells (Fig. 1D) . Importantly, isotype control Ab staining verified the specificity of the immunostaining. FACS sorting of T cells from K3/Cre CNS infiltrates revealed normal numbers of CD4 T cells (Fig. S1E) , and Western blot analysis confirmed the loss of Kindlin3 expression ( 1E ). Taken together, these findings suggest that Kindlin3-deficient T cells are able to extravasate and induce EAE. The development of aEAE and the presence of Kindlin3-deficient T cells in brain infiltrates of K3/Cre mice suggest that Kindlin3 is not required for effector Tcell extravasation. To corroborate this finding, we tested whether Kindlin3-deficient encephalitogenic Tcell blasts are able to induce passive EAE (pEAE) (18) in WT C57BL/6 mice. To this end, we crossed K3/Cre and littermate control mice with 2D2 mice, which express an MHCII-restricted Tcell receptor (TCR) that specifically recognizes the MOG peptide (21) . We isolated naïve CD4 T splenocytes from Kindlin3 /2D2 /CD4Cre (hereinafter, K3/Cre ) and control Kindlin3 /2D2 (hereinafter, Co ) mice and primed them for several days in vitro with MOG loaded dendritic cells (DCs) to induce proliferation and differentiation into memory (i.e., CD62L /CD44 ) and effector (i.e., CD62L /CD44 ) T cells ( Fig. 2A) . The differentiated Tcell populations derived from K3/Cre mice expressed normal levels of integrins and Tcell-specific maturation and activation markers (Fig. S2A) , and lacked Kindlin3 protein expression (Fig. 2B ). Importantly, encephalitogenic T cells did not express α9β1 integrins (Fig. S2B ), which can bind VCAM1 as well. To test whether Kindlin3 affects Tcell differentiation into Th1, Th2, or Th17 cells, we performed intracellular FACS staining for IL2, IFNγ, TNFα, IL4, and IL17. In these experiments, most Co and K3/Cre cells were positive for IFNγ and TNFα, indicating that they are Th1polarized rather than Th17polarized (Fig. S2C) . Consistent with the essential role of Kindlin3 in integrin activation, resting and phorbol 12myristate 13acetate (PMA)stimulated K3/Cre effector T cells showed significantly reduced levels of 9EG7 epitope, which is induced in activated β1 integrins. Bypassing cellular activation by the addition of manganese resulted in comparable 9EG7 binding of Co and K3/Cre effector T cells (Fig. S2D) . Similarly, binding assays with soluble VCAM1 revealed that both resting and PMAstimulated K3/Cre effector T cells bound significantly less VCAM1 than control cells, which was rescued with manganese ( Fig. S2E ).
We next transferred the encephalitogenic Tcell blasts into sublethally irradiated WT C57BL/6 mice. As expected, the transfer of Co Tcell blasts induced EAE pathology with Tcell infiltration into the spinal cord, weight loss, and paralysis at approximately 11 d after the adoptive cell transfer (Fig. 2 C-E) . Unexpectedly, however, none of the recipient mice that received K3/Cre Tcell blasts developed EAE (Fig. 2 C-E) , and in all recipients, Kindlin3-deficient encephalitogenic 2D2 T cells were detectable in the circulation for more than 3 wk after K3/Cre Tcell transfer (Fig. S2F) . Thus, in contrast to aEAE, the adoptive Tcell transfer experiments indicate that loss of Kindlin3 protein in Tcell blasts prevents entry into a healthy CNS and thus induction of EAE.
Why can Kindlin3-deficient encephalitogenic T cells enter the brain parenchyma to induce aEAE, but not pEAE? Induction of aEAE was achieved by immunization with antigens and the simultaneous treatment with complete Freund's adjuvant (CFA) and pertussis toxin (PT), which induces elevated expression of VCAM1 and ICAM1 on endothelial cells (  Fig. 3 A and B) (22, 23) . In contrast, in pEAE, Tcell blasts encounter naïve endothelial cells expressing low levels of ICAM1 and VCAM1. Thus, we hypothesized that high surface levels of endothelial cell adhesion molecules overcome compromised adhesive properties of Kindlin3-deficient effector T cells and subsequent disease induction, whereas low integrinligand expression permits adhesion and extravasation only after Kindlin3-mediated integrin activation. To test this hypothesis, we generated an inflamed, activated brain endothelium by inducing aEAE (clinical disease score 2) and injected either carboxyfluoresceine diacetate, succinimidyl ester (CFSE)labeled Co or K3/Cre Tcell blasts into the diseased mice. Immunohistology of spinal cords at 18 h after transfer revealed that Kindlin3-null CFSElabeled CD4 T cells, like WT cells, were indeed present in vessels, meninges, and brain parenchyma of these animals ( Fig. 3 C and D) . The quantification of CFSElabeled Tcell numbers in spinal cord sections from mice injected with Co or K3/Cre Tcell blasts revealed similar Tcell numbers in the spinal cord parenchyma (Fig. 3E) .
To further validate whether the quantity of endothelial cell adhesion molecules can indeed modulate integrin mediated adhesion of Kindlin3-deficient effector T cells, we tested the flowresistant binding of Co or K3/Cre Tcell blasts to recombinant mouse VCAM1 (rmVCAM1) or recombinant mouse ICAM1 (rmICAM 1) immobilized at different concentrations (24) . In the same manner as for pEAE induction, T cells were isolated from spleen and lymph nodes and activated with MOG loaded DCs. The activated T cells were allowed to accumulate on immunoglobulin cell adhesion molecules (IgCAMs) at very low shear forces (0.1 dyn/cm ) and then exposed to an increased shear force of 1. T cells arrested and spread on immobilized rmVCAM1 (Movie S1), but failed to crawl perpendicular and against the shear, which requires LFA1-ICAM1/2 interactions (25) . The number of arrested Co T cells was approximately twofold higher than the number of K3/Cre T cells on 100 nM rmVCAM1 (Fig. 3F) . The numbers of arrested Co and K3/Cre T cells relative to the arrested T cells on 100 nM rmVCAM1 decreased with decreasing concentrations (40 nM and 10 nM) of rmVCAM1 (Fig. 3G) . However, in relation to control cells, significantly fewer K3/Cre T cells were arrested on 40 nM and 10 nM rmVCAM1 (Fig. 3G) . Notably, after exposure to physiological shear force on 100 nM rmVCAM1 for 15 min, approximately 80% of the Co T cells remained firmly attached, whereas the proportion of firmly attached K3/Cre T cells decreased to 60% after 5 min of continuous shear force and to 40% after 15 min of shear force (Fig. 3H) . Thus, during continuous laminar flow, a significant number of K3/Cre T cells maintained adhesive contact with rmVCAM1, although at significantly lower numbers compared with Co T cells (Movie S2). Importantly, preincubation of T cells with an antiα4β1 Ab blocked Tcell adhesion to VCAM1, verifying the specificity of the Tcell interaction with rmVCAM1.
We also analyzed LFA1-mediated Tcell adhesion, polarity, and crawling on 10 nM, 40 nM, and 100 nM rmICAM1 in flow experiments. The number of arrested Co T cells on 100 nM rmICAM1 at 15 s after shear enhancement was fourfold higher than the numbers of K3/Cre effector T cells (Fig. 3I) . Interestingly, 85% of arrested Co effector T cells and 71% of arrested K3/Cre effector T cells rapidly polarized and began crawling on 100 nM rmICAM1 (Fig. 3J and Movies S3 and S4). Although the proportions of arrested Co effector T cells were decreased on 40 nM and 10 nM rmICAM1 (to 68% and 23%, respectively) almost no K3/Cre effector T cells were arrested on 40 nM and 10 nM ICAM1 (4% and 2%, respectively) (Fig. 3K) . After exposure to physiological shear force, 90% of Co T cells remained firmly attached during the entire 15min T Cell Spreading and Adhesion on Brain Microvascular Endothelium Requires Kindlin3.
shear force exposure, compared with only 18% of K3/Cre T cells (Fig. 3L) . Treatment with an anti-LFA1 Ab prevented adhesion of effector T cells to ICAM1-coated flow chambers, underscoring the specificity of our assay.
Taken together, these findings indicate that high levels of VCAM1 allow the arrest and adhesion of a significant number of Kindlin3-deficient effector T cells under flow, whereas high levels of ICAM1 enabled adhesion of a few Kindlin3-deficient effector T cells, which polarized and crawled before they also finally detached.
To investigate how Kindlin3 affects effector Tcell adhesion and crawling in an ex vivo system, we performed live cell imaging with primary mouse brain microvascular endothelial cells (pMBMECs) (25, 26 ) stimulated with TNF α to induce a proinflammatory phenotype with upregulated expression of VCAM1 and ICAM1. After a flow chamber was mounted on the pMBMECs, the chamber was perfused with Co or K3/Cre T cells at low shear force (0.1 dyn/cm ), to allow accumulation of T cells within a 4min period. Subsequently, effector T cells were exposed to shear force (0.7 dyn/cm ) for 10 min, and the interactions of dynamic effector T cells with the brain endothelium were imaged and quantified. The experiments revealed that after 15 s of shear force exposure, both Co T cells and K3/Cre T cells were able to arrest on activated endothelial cells and were immediately polarized (Movies S5 and S6); however, the number of arrested K3/Cre T cells was reduced to 48% of Co T cells (Fig. 4A) . After 5 min and 10 min of laminar flow, the number of adherent K3/Cre T cells further decreased to 29% and 21%, respectively, whereas the number of Co T cells remained unchanged (Fig. 4A ). Although the adherent K3/Cre T cells polarized on the endothelial cell layer, this polarization was less efficient. Co T cells polarized and adopted a mean cell length of 15.50 ± 3.8 μm, whereas K3/Cre T cells polarized with a mean cell length of 11.9 ± 2.3 μm (Fig. 4 B and C) . Importantly, approximately 50% of the adherent and polarized K3/Cre T cells initiated crawling on the brain endothelium before finally detaching within the 10 min of shear exposure (Fig. 4 D and E) . Interestingly, flow chamber assays on TNFα-treated pMBMECs isolated from ICAM1 /ICAM2 mice (25) confirmed the important role of VCAM1 (Fig. 3E) in the arrest and firm adhesion of K3/Cre T cells at 15 s after shear enhancement (Fig. 4F ) and after 10 min of laminar flow (Fig. 4G  ) . 
DISCUSSION
Inhibition of α4β1 with blocking Abs ameliorates the course of MS and thus has become a powerful therapy for MS (3) . Likewise, genetic ablation of β1 in mice inhibits EAE (27) , a widely used model for MS in rodents. Because EAE is triggered by autoreactive CD4 T cells, we used this model to examine the role of the integrin activating adaptor protein Kindlin3 for effector Tcell adhesion and crawling on brain endothelial cells, and to test whether Kindlin3 is required to induce this inflammatory disease.
Stable integrin-ligand interactions require the conversion of the integrin conformation toward a highaffinity state and the subsequent stabilization of integrin-ligand bonds (4, 6). Consequently, it can be assumed that a loss of integrin activation in autoreactive T cells should abrogate α4β1 function and thus also prevent EAE. In line with this expectation, transfer of autoreactive T cells lacking the essential integrin activator Kindlin3 prevented the development of EAE in recipient mice. In sharp contrast to these findings, however, Kindlin3-deficient T cells efficiently induced active EAE, despite efficient and complete Kindlin3 gene deletion. A likely explanation for the different outcomes is the different integrin ligand levels expressed on endothelial cells at the time of EAE induction. This hypothesis is supported by the efficient extravasation of adoptively transferred Kindlin3-deficient effector T cell blasts into an inflamed brain that expresses high levels of VCAM1 and ICAM1 on endothelial cells.
Why are Kindlin3-deficient Tcell blasts able to adhere, arrest, and extravasate at sites of high integrin-ligand expression, despite their reduced VCAM1 and 9EG7 binding? Our flow chamber experiments revealed that Kindlin3-deficient effector T cells can adopt an affinity state for α4β1 integrin that allows remarkably efficient T cell capture and transient arrest on recombinant VCAM1. In contrast, transient effector Tcell adhesion to Induction of aEAE and pEAE.
Live Cell Imaging Under Flow Conditions.
recombinant ICAM1 was much more strongly impaired, indicating that αLβ2 integrins critically depend on Kindlin3 for adoption of a highaffinity state. Interestingly, however, increasing levels of VCAM1 as well as ICAM1 increased the arrest of Kindlin3-deficient effector T cells under shear force. Despite this efficient arrest of Kindlin3-deficient effector T cells at high VCAM1 levels, firm adhesion on recombinant VCAM1 and endothelial cells was reduced. These findings are in line with a previous report showing that chemokinestimulated Kindlin3-deficient LADIII effector T cells show transient adhesion, but not stable adhesion, to VCAM1 under flow conditions (28) . Furthermore, these findings suggest that α4β1 on Kindlin3-deficient effector T cells can adopt an affinity state sufficient for the production of weak α4β1-VCAM1 interactions. The number of weak α4β1-VCAM1 interactions on activated brain endothelial cells may increase to a level that enables sufficient numbers of Tcell blasts to firmly adhere, extravasate, and induce disease.
A similar mechanism also operates with αLβ2 on Kindlin3-deficient effector T cells and has been suggested for Kindlin3-deficient neutrophils, on which αLβ2 can adopt an intermediate conformation allowing slow leukocyte rolling on endothelial cells (29) . This intermediate conformation of αLβ2 requires Talin1, suggesting that the initial contact with ICAM1 is Kindlin3-independent, whereas further conformational changes associated with the high affinity state are Kindlin3-dependent (29) . A similar finding also has been reported for αIIbβ3 integrin binding to fibrinogen, which occurs in the presence of Talin1 alone (30) .
A further striking finding of the present study is that a small but significant number of Kindlin3-deficient T cells adhered to recombinant ICAM1-or TNFα-treated endothelial cells and began to polarize and crawl, albeit less efficiently than WT T cells. This clearly indicates that β2 integrins induce outsidein signals even in the absence of Kindlin3 and before reaching a fully active conformation. In contrast, the majority of Kindlin3-deficient T cells attached to VCAM1, ICAM1, or TNFα-treated endothelial cells are unable to resist higher shear forces, indicating that strengthening of integrin interactions with these ligands requires further changes in α4β1 and αLβ2 that are mediated by Kindlin3 (31, 32) . It is possible that these changes represent conformational changes of the integrin ectodomain induced by tension and resulting in the formation of catch bonds that increase bond lifetimes. It is also possible that Kindlin3 increases bond lifetimes by clustering integrins, thereby enabling avidity that combines the strength of multiple integrin-ligand bonds (33) . The mechanism regulated by Kindlin3, and whether this pathway can be exploited to combat inflammation, remain to be identified and tested.
MATERIALS AND METHODS
Kindlin3 floxed (Kindlin3 ) mice, in which exons 3-6 of the Kindlin3 gene is flanked with loxP sites, were backcrossed more than 11 times with C57BL/6 mice, then intercrossed with C57BL/6 mice carrying a CD4 promoterdriven Cre recombinase transgene (20) . To obtain MOG specific TCR transgenic mice deficient for the Kindlin3 gene, Kindlin3 /CD4Cre mice were intercrossed with 2D2 transgenic mice (21) . All mice were bred in the animal facilities at the Max Planck Institute of Biochemistry. All EAE experiments were performed in accordance with the license of the government of Oberbayern. aEAE was induced by s.c. administration of MOG peptide as described previously (34) . pEAE was induced by an i.v. transfer of 2 × 10 encephalitogenic T cells into WT sexmatched C57BL/6 mice sublethally irradiated with 3.5 Gy. To obtain encephalitogenic T cells, spleen and axillary, brachial, inguinal, and paraaortal lymph nodes were isolated from Kindlin3 /2D2 /CD4Cre and control Kindlin 3 /2D2 mice. Singlecell suspensions were obtained, and after ammoniumchloridepotassium lysis of RBCs, cells from two mice were cocultured with 4 × 10 DCs loaded for 2 h with 20 μg/mL MOG peptide. After 4 d of coculture, the cell suspensions were split 1:2 into medium containing 5 ng/mL IL2 (R&D Systems). After another 6 d of culture, dead cells were removed by density gradient centrifugation (Nycoprep 1.077; AxisShield). A total of 2 × 10 cells per well were incubated overnight in 24well plates coated with 1 μg/mL antimouse CD3e and CD28 Abs (both from eBioscience) and in the presence of recombinant murine IL18 (20 ng/mL; MBL) and IL12 (25 ng/mL) and IL23 (10 ng/mL; both from R&D Systems). The cells were then washed three times with PBS and transferred i.v. into recipient mice. Clinical disease score and weight of the mice with aEAE and transfer EAE were checked daily. Scoring of the mice was as follows: 0, healthy; 1, limp tail; 2, hind leg weakness; 3, one paralyzed hind leg; 4, two paralyzed hind legs; 5, moribund.
Live cell imaging on TNFα-stimulated pMBMECs isolated from WT or ICAM1 /ICAM2 C57BL/6 mice, or on immobilized recombinant mouse ICAM1 (rmICAM 1), VCAM1 (rmVCAM1), or DNER (rmDNER; all from R&D Systems) was performed as described previously 
